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Abstract 
To resolve the problem that the correlated noises contained in the signals affect the accuracy of the time-delay esti-
mation, a new time-delay estimation method which can suppress the correlated noises is proposed in the framework 
of generalized cross correlation(GCC). The new method estimates the magnitude spectrum of the noises in the noise 
phase, then a adaptive pre-filter is constructed with the magnitude spectrum of the noise and signal, which can sup-
press the correlated noises.  The new method can obtain the correct time-delay estimation through pre-filtering the 
incoming signal before to calculate the correlated function. The experiment shows that the method effectively sup-
press correlated noise impact on time-delay estimation. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
The time-delay estimation has important applications in many areas such as locating the target with 
radar and sonar[1] and sound source localization with microphones [2, 3]. Currently most of the time-
delay estimation algorithms are based on the cross correlation method. Charles H. Knapp and Clifford 
Carter[4] made a general summary on the time-delay estimation methods based on the cross correlation 
function. These methods are compared according to the different pre-filters used in them, involving the 
original cross correlation method[5], the Roth filter[6], the smoothed coherence transform(SCOT)[7], 
the phase transform(PHA)[4], Eckart Filter[4] and Hannan and Thomson(HT) filter[4], etc., and are 
known as generalized cross correlation (GCC). Later many of the time-delay estimation methods can be 
summarized to the category of GCC.  
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In the variety of methods introduced by Charles H. Knapp and Clifford Carter,  the Roth filter and 
SCOT used the signal to noise ratio implicitly, and assumed that the noises is uncorrelated. The PHAT is a 
ad hoc technique which has good time-delay resolution through whiting the power spectrum of the signals, 
however, it cannot improve the time-delay estimation accuracy. The Eckart filter requires the power spec-
trum estimation of signal and noise. The HT filter can be considered as an improved version of PHAT, 
which takes into account the signal to noise ratio, but it need estimate the cross coherence function. In 
order to obtain a more accurate estimation of the coherence function, you need more signal frames[8].  
The paper presented a time-delay estimation method against correlated noises, which can suppress the 
impacts of correlated noise effectively and obtain accurate time-delay estimation.  
2. Time-Delay Estimation Method against Correlated Noises 
2.1. Basic Principle 
A signal emanating from a remote source and monitored in the presence of noise at two spatially sepa-
rated sensors can be mathematically modeled as[4],  
1 1( ) ( ) ( )x t s t d t= +                                                                                                                      (1) 
2 2( ) ( ) ( )x t s t d tτ= + +                                                                                                             (2) 
where s(t) is the signal, xi(t) is the received signal of the ith sensor, di(t) is stationary noise. di(t) is as-
sumed to be uncorrelated with s(t). τ is the time-delay between x1(t)  and x2(t). The problem of the time-
delay estimation is to use xi(t) and x2(t) to estimate τ.
As the presence of the noise, the time-delay estimation obtained through the cross correlation function 
can be contaminated easily by noise. In order to improve the accuracy of the time-delay estimation, the  
GCC is used, as shown  in Fig. 1.  
1 2 1 2
2( ) ( ) ( ) j fmy y x xR m f G f e df
πψ∞
−∞
= ∫                                                                                        (3) 
*
1 2( ) ( ) ( )f H f H fψ =                                                                                                                    (4) 
Now the main problem of the time-delay estimation with GCC becomes how to choose or design the 
pre-filter ψ(f) to make Ry1y2(m) have a large value at the correct position.  
Many of the time-delay estimation methods always assumed that the noises d1(t) and d2(t) is uncorre-
lated, for example,  the Roth filter[6]、SCOT[7] and PHAT[4] all make the assumptions. In fact, in some 
acoustic environments, d1(t) is correlated with d2(t). For simplicity, assume that d1(t) and d2(t) are from the 
same noise source d(t), then equation (1) and (2) can be rewritten as,  
1( ) ( ) ( )x t s t d t= +                                                                                                                       (5) 
2 1 2( ) ( ) ( )x t s t d tτ τ= + + +                                                                                                      (6) 
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Fig. 1 The time-delay estimation process of GCC 
where τ1 is the time difference of s(t) transmitted to sensor 1 and sensor 2, τ2 is the time difference of d(t)
transmitted to sensor 1 and sensor 2. For s(t) is uncorrelated with d(t), the cross correlation of  x1(t) and 
x2(t)  can be written as 
1 2 1 2
( ) ( ) ( )x x ss ddR R Rτ τ τ τ τ= − + − .                                                                                          (7) 
So, Rx1x2(τ) will have two peaks at τ1 and τ2, the accuracy of the time-delay estimation will be depend on 
the size of  the energy of s(t) and d(t). 
The  Fourier transform of equation (7) gives the cross power spectrum 
1 22 2
1 2 ( ) ( ) ( )
j f j f
x x ss ddG f G f e G f e
π τ π τ= +                                                                               (8) 
According to Parseval relation, in order to reduce the energy of Rdd (τ) in Rx1x2(τ) to get the correct 
time-delay, we can reduce the size of the magnitude of spectral components corresponding to d(t). Thus, 
in the framework of GCC, the problem becomes to how to design a filter ψ(f) that filters the spectral com-
ponents of d(t) and retains the spectral components of s(t) to obtain an accurate time-delay estimation.  
2.2. Filter Design 
From equation (1)，assuming that the length of x1(n) is N, X1(k), S(k) and N1(k) are the 2N-point dis-
crete Fourier transform of x1(n)，s(n) and d1(n), we have 
1 1( ) ( ) ( )X k S k N k= + .                                                                                                               (9) 
According to the principle of spectral subtraction[9], assuming that the noise is stable or slowly chang-
ing, the magnitude spectrum estimation B1(k) of noise in x1(n) can be obtained by averaging multi-frame 
spectral magnitudes during noise phase, B1(k) = mean[|N1(k)|]. The spectrum estimation S
s(k) of S(k) can 
be obtained from equation (9) and  B1(k)  through the following equation, 
1 1 1( ) ( ) ( ) exp( arg[ ( )])
sS k X k B k j X k= ⎡ − ⎤⎣ ⎦                                                                       (10) 
In order to prevent the accidental occurrence of | Ss(k)|<0, in the case of B1(k)> X1(k), the  spectral sub-
traction filter is defined as follows, 
( ) ( )1 1 1 1 1 1( ) ( ) ( ) ( ) (1 sgn ( ) ( ) / 2F k X k B k X k X k B k= − ⋅ + − .                                     (11) 
From the above equation shows that 0≤ F1(k)≤1. So, the signal to noise ratio of x1(n) is 
1 1 1 1( ) ( ) ( ) ( ) (1 ( ))
sH k S k B k F k F k= = −  .                                                                            (12) 
448  Zhang Rubo et al. / Procedia Engineering 23 (2011) 445 – 450 Robo Zhang,  Guanqun Liu, Xueyao Li/ Procedia Engineering 0  (2011) 000–000 
The signal to noise ratio H2(k) of x2(n) can be obtained using the same process. 
According to GCC, to reduce the impact of the correlated noise, the pre-filter can be defined as follows,  
*
1 2 1 2 1 2( ) ( ) ( ) ( ) ( ) [(1 ( ))(1 ( ))]H k H kk F k F k F k F kψ = = − −                                                  (13) 
Equation (12) and (13) show that Hi(k) denotes the signal to noise ratio at each frequency bin k, the 
role of ψ(k)is to accentuate those frequencies which the signal to noise ratio is high, and to weaken those 
frequencies which the signal to noise ratio is low, so as to achieve the goal to suppress the correlated 
noise. ψ(k) will be very large in the case of Fi(k) is very small, and the item 1- Fi(k) just enlarges the 
weights and increases the amount of calculation, so the item 1- Fi(k)can be neglected . The pre-filter of 
GCC is defined as follows 
1 2( ) ( ) ( )k F k F kψ = .                                                                                                                    (14) 
If the noise is changing slowly, the magnitude spectrum of the noise can be updated during noise phase. 
Then, a new pre-filter can be obtained through equation (13), which can adapt to the changes of the noise.  
3. Experiment
Assuming that i∈{1,2}, xi(n) is composed of si(n), di(n) and wi(n),  si(n) is from the source s(n), di(n)
is from the noise  source d(n), wi(n) is the white noises, s(n) and d(n) are sine wave whose magnitudes 
are 1, the frequency of s(n) is 100Hz, the frequency of d(n)is 200Hz, the time-delay between s1(n) and 
s2(n) is 2 points, the time-delay between d1(n) and d2(n) is 13 points, d(n) and wi(n) have existed for 
some time for estimating the noise magnitude spectrum before the advent of the signal s(n) as shown in 
Fig. 2. The cross correlation sequences between signals are shown in Fig. 3, the length of xi(n) is 1024 
points. As can be seen from the figure, the cross correlation sequence Rx1x2 between x1(n)and x2(n)  has a 
peak at the wrong point 1035, and the cross correlation sequence Rsx1x2 of the pre-filtered signals has a 
peak at the correct point 1026. So, we can see that the filter can suppress the impact of the correlated 
noises and the correct time-delay can be obtained. 
4. Conclusions 
In view of the problem that the existence of the correlated noise in the signals affects the accuracy of 
the time-delay estimation, the paper analyzes the impact of the correlated noises to the time-delay esti-
mation, and presents a time-delay estimation methods according to the reasons how the correlated noises 
impact the time-delay estimation. The method estimates the magnitude spectrum of the noise during the 
noise phase, and design a pre-filter which can suppress the correlated noise. The experiments show that 
the method effectively suppress correlated noise impact on time-delay estimation.  
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Fig. 2 Signal x1 and x2
Fig. 3  Comparison of the two correlated sequences 
450  Zhang Rubo et al. / Procedia Engineering 23 (2011) 445 – 4506 Robo Zhang,  Guanqun Liu, Xueyao Li/ Procedia Engineering 0  (2011) 000–000 
Acknowledgements 
The study has been supported by National High Technology Research and Development Program of 
China(Grant No. : 2009AA04Z215) and National Natural Science Foundation of China (Grant No. : 
60975079). We would like to acknowledge the supporters and the authors of references. 
References 
[1] Verne H. MacDonald and P.M. Schultheiss, Optimum Passive Bearing Estimation in a Spatially Incoherent Noise Environment. 
Journal of the Acoustical Society of America, 1969. 46(1A): p. 37-43. 
[2] Raspaud, M., H. Viste, and G. Evangelista, Binaural Source Localization by Joint Estimation of ILD and ITD. Audio, Speech, 
and Language Processing, IEEE Transactions on, 2010. 18(1): p. 68-77. 
[3] Mungamuru, B. and P. Aarabi, Enhanced sound localization. Systems, Man, and Cybernetics, Part B: Cybernetics, IEEE 
Transactions on, 2004. 34(3): p. 1526-1540. 
[4] Charles H. Knapp and G.C. Carter, The generalized correlation method for estimation of time delay. Acoustics, Speech and 
Signal Processing, IEEE Transactions on, 1976. 24(4): p. 320-327. 
[5] Alan V. Oppenheim, Alan S. Willsky , and S.H. Nawab, Signal and System. 2nd ed. Beijing: Publishng House of Electronics 
Industry. 2002. 
[6] Roth, P.R., Effective measurements using digital signal analysis. IEEE Spectrum, 1971. 8(4): p. 62-70. 
[7] Carter, G.C., A.H. Nuttall, and P.G. Cable, The smoothed coherence transform. Proceedings of the IEEE, 1973. 61(10): p. 
1497-1498. 
[8] Carter, G., C. Knapp, and A. Nuttall, Estimation of the magnitude-squared coherence function via overlapped fast Fourier 
transform processing. Audio and Electroacoustics, IEEE Transactions on, 1973. 21(4): p. 337-344. 
[9] Boll, S. A spectral subtraction algorithm for suppression of acoustic noise in speech. in Acoustics, Speech, and Signal 
Processing, IEEE International Conference on ICASSP '79. 1979. 
